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ABSTRACT 

The apparent correlation between the specific star formation rate (sSFR) and total stellar mass (M*) of galaxies is a fundamental 
relationship indicating how they formed their stellar populations. To attempt to understand this relation, we hypothesize that the 
relation and its evolution is regulated by the increase in the stellar and gas mass surface density in galaxies with redshift, which is 
itself governed hy the angular momentum of the accreted gas, the amount of available gas, and by self-regulation of star formation. 
With our model, we can reproduce the specific SFR-M* relations at z~l-2 by assuming gas fractions and gas mass surface densities 
similar to those observed for z= 1-2 galaxies. We further argue that it is the increasing angular momentum with cosmic time that causes 
a decrease in the surface density of accreted gas. The gas mass surface densities in galaxies are controlled by the centrifugal support 
(i.e., angular momentum), and the sSFR is predicted to increase as, sSFR(z)=(l+z)^/tHo, as observed (where tno is the Hubble time 
and no free parameters are necessary). In addition, the simple evolution for the star-formation intensity we propose is in agreement 
with observations of Milky Way-like galaxies selected through abundance matching. 

At z>2, we argue that star formation is self-regulated by high pressures generated by the intense star formation itself. The star 
formation intensity must be high enough to either balance the hydrostatic pressure (a rather extreme assumption) or to generate high 
turbulent pressure in the molecular medium which maintains galaxies near the line of instability (i.e. Toomre Q~ 1). We provide simple 
prescriptions for understanding these self-regulation mechanisms based on solid relationships verified through extensive study. In all 
cases, the most important factor is the increase in stellar and gas mass surface density with redshift, which allows distant galaxies to 
maintain high levels of sSFR. Without a strong feedback from massive stars, such galaxies would likely reach very high sSFR levels, 
have high star formation efficiencies, and because strong feedback drives outflows, ultimately have an excess of stellar baryons. 

Key words, galaxies: high-redshift — galaxies: formation and evolution — galaxies: kinematics and dynamics — galaxies: ISM 


1. Introduction 


The evolution of the star formation rate (SFR) and the rela¬ 
tion between the specific star formation rate (SFR per unit 
stellar mass, sSFR) and total stellar mass (M*) of galaxies 
has garn ered considerable observational and theoretical atten¬ 
tion (e.g.|Elbaze L^|2(^; Daddiet^ 2007 : Elbaz_etai|20]_U 


IWeinmann et alJl201 if Stark et al. 2013l :~ Behroozi et alJl2013 ). 


Observations of galaxies over a wide range of redshifts sug¬ 
gest that the slope o f the SFR-M.^^ rel ation is about unity 
(e.g. lElbaz et ^ I2007I : ISalmi et ^ l2012l) . which implies that 


star formation rates increase out to z^2 (ElbazetalJ 

2007 

Daddi et al.l 

2007 

l2009l iNoeske et al.ll2007 : Dunne et al.l 

2009 

Stark et alJ 

2009 

lOliveretalJ 20101: IRodighiero et alJ 

201C 

Elbaz et al.l 

2011 

and are constant, or perhaps slowly increas- 


ing, from z-2 out to z=6, though with a large scatter, sSFR=a2- 
10 Gyr * jFeulner et al.l l20T)5t Dunne et"^ 20091: iMagdis et al.l 


l2^[St^etalJl2013l). 


It is important to emphasize that neither the observed SFR- 
M* nor the sSFR-M* relationship implies a correlation, but 
that both are actually ridge lines in the distribution of ac¬ 
tively star-forming galaxies - galaxies that are evolving pas¬ 
sively or forming stars at moderate rates lie below these relation- 
ships at a given mass (iRodighiero et aljF2010l: lElbaz et ^1201 It 


* email: lehnert@iap.fr 


iKarim et~aDl201 ll) . Depending on epoch, the fraction of pas¬ 
sively evolving galax ies can be significa nt, in particular among 
very massive objects (iKarim et al.ll201 ih . 


Currently there is no widely accepted explanation as to 
why the relative rate of growth of galaxies depends on red¬ 
shift i n this manner (e . g. Dutton et al.l 1201 (A iKhochfar & SilkI 
1201 ll IWeinmann et al.l 120111) other than it is likely to be a 
complex interaction between the gas supply, the rate at which 
gas is transformed into stars an d material lost from the galaxy 
(and halo) through ou t flows (e.g.lBouche et afl2010t iDave et ^ 
1201 ll: IShi et al.l l201 ll: iFillv et ST 20131) . Throreticallv. the rate 
of cosmological baryonic accretion onto a galaxy halo is ex¬ 
pected to be a function of mass and time, depending on redshift 
as Ma rc/Moc ( 1 +z) 2.25-2.5 dNeistein & Dekelf l2008^lDekel et al.l 
l2009l 1201 3l) . c ontrary to the ob s erved relationship sSFR oc 
(l-Hz)^ at z<2 (lOliver et alJ 1201 (A lElbaz et al.l 1201 if) , while at 
higher redsh ifts it either rema ins constant or increases more 
slowly (e.g. I Stark et ^ l2013l) . Of course, there are several 
caveats in making a direct link between the specific halo ac¬ 
cretion rate and the sSFR, such as assuming that the ratio of 
halo ma ss to stellar mass is co nstant at constant halo mass with 
redshift (iBehroozi et al.ll20T^ . While many variables come into 
play in determining the mass accretion rate, it appears that the 
general increase in the sSFR with redshift is not simply con¬ 
trolled by the gas supply, and that other processes must come 
into play. 
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Lehnert et al.: Evolution of the specific star formation rate 


Any plausible explanation must reconcile the available gas 
supply with the evolution of the sSFR. Currently, the most direct 
ways of relating the specific growth of galaxies to the specific ac¬ 
cretion rate is to use AGN and starburst driven outflows and gas 
cons umption timescales to regulate the s tar formation in galaxies 
(e.g. lDekel et alj2009l : lLillv et al.l20r^ . The effects of feedback 
from massive stars and active galactic nuclei allow this direct 
coupling of star formation with the gas supply to be broken (e.g. 
iPeirani et al.ll2012t iLehnert et al.ll2013h . This decoupling is im¬ 
portant as not only do we need the relative growth of galaxies not 
to track the gas supply too closely, as observed in the evolution 
of the sSFR, but also because baryonic mass fractio n in galaxies 
is small and does not follow th e halo mass function (iBaldrv et al.l 
l2008tl^pastergis et al.l20l'3) suggesting that either a fraction of 
the baryons are not accreted or they are efficiently removed from 
the galaxy. Galaxy growth and baryon content must be limited by 
the way in which gas is accreted, cools and collapses, or alterna¬ 
tively, by processes th at are internal to the galaxy or the physics 
of star formation (e.g. lDutton et aLlbOlOh . In fact, breaking this 
coupling may be necessary to explain some aspects of the evolu¬ 
tion of the sSFR within the context of simulations, which often 
produce too little star formation at recent epochs and exhibit a 
positive correlation between the sSFR and stel lar mass (similar 
to tha t of the specific dark matter accretion rate: IWeinmann et'aD 
I2013h . 


The lack of a direct coupling between accretion and star for¬ 
mation would favor an explanation of the sSFR-M* relationship 
through local processes such as star formation co ntrolling th e 
pressure of the ISM, and hence self regulation (e.g. lSilklll997h . 
One observational signature of this self regulation is galaxy¬ 
wide outflows, which are observed in i ntensely star-forming 
galax i es across all cosmic epochs (e.g. Lehnert & FleckmM 


S i.g. iLel 

20101 ^ 


ll996HWeiner et al.ll2009l: l^eidel et al.ll2010l) . This complex gas 
physics and the strong interaction between phases of the inter¬ 
stellar (ISM), inter-halo and intra-halo medium are processes 
which are difficult to simulate currently because of both a lack 
of computational power and o ur general ignorance o f what pro¬ 
cesses to model, and how (e.g. ISilk & Mamonll2012l and refer¬ 
ences therein). 


Because there are many gaps in our understanding of how 
stars form and the physics of the ISM, it is difficult to model the 
processes that may lead to the SFR-M* relation and the evolu¬ 
tion of the sSFR from first principles, and we tfius need to take 
another approach. In this paper, we use simple analytical argu¬ 
ments to demonstrate that both relationships arise naturally in a 
scenario where star formation is not only limited by gas supply, 
but also by self-regulation during phases of rapid galaxy growth, 
when the supply of accreting gas is large. When the gas sup¬ 
ply drops below the rates necessary to maintain the high rates 
of star formation required for self regulation, secular processes 
become i mportant, includi ng the self-gravity provided by stellar 
disks (e.g. lShi et al.ll20lll) . Motivated by the observed slope of 
the sSFR-z relationship at z<2, we suggest that the decline in 
sSFR is not only driven by declining gas fractions, but also by 
an evolution in the centrifugal support of the accreting gas (i.e., 
angular momentum), and by gas and stel lar mass surface densi¬ 
ties through a generalized Schmidt law (iDonita & Rvdeiiri994t 
IShi et al.ll201 ih . Thus, the sSFR-z relationship may suggest two 
epochs of galaxy growth, first of self regulation at z>2, which 
limits the ensemble specific star formation rate, followed by an 
epoch of secular growth at z<2, where galaxies are prevented 
from consuming their gas too quickly and efficiently because the 
gas is accreted with relatively high angular momentum. 


The paper is organized as follows: In §|2l we present a simple 
model to explain the detailed evolution of the sSFR from z=0 
to 2 within the contex of the ISM pressure and a generalized 
Schmidt law. We find tfiat to get good agreement witfi the model 
and the data, the required gas mass surface densities and gas 
fractions are consistent with those that have been observed for 
local and distant galaxies. In § [3] we discuss the evolution of the 
sSFR in a more general context, specifically commenting on why 
there is a change in the apparent evolution of the sSFR above and 
below zx2. Finally, in §|4] we provide a brief summary. 


2. The ridge line in the SFR-M,,^ plane 


The ap parent SFR-M.^^ relation and its evolution from z=a0- 


7 fe.ff. Elbaz et alJ 20071: Daddi et alJ 

20071 Stark et al. 120091 

lOliver et al.l 120101: iMagdis et alJ 2010 

Stark etal.1 20131) pro- 


vides valuable insight into how galaxies convert their gas into 
stars. As a ridge fine to tfie distribution of galaxies in the SFR- 
M* plane it shows in particular how the sSFR of vigorously 
star-forming galaxies evolves with stellar mass and redshift. 
Although the slope of the ridge in this plane is roughly the same 
at every epoch, high-redshift galaxies can reach much higher 
sSFR values than galaxies at more moderate redshifts (z<2). 


2.1. A simple model relating overall SFR to ISM pressure 


We will now show that the SFR-M* relationship may be ex¬ 
plicable through a simple model which relates the overall star 
formation r a te in galaxies to the overal l pressure of their ISM 
[T^ iBlitz & Rosolow^ l2()()^ ISilk & Norm^ l2()()^ 
IShi et alf 2011 ). Here, the star formation rate is limited to 
regimes where the pressure induced by mechanical energy injec¬ 
tion of star formation re mains below the hydrostati c mid-plane 
pressure in galaxies (e.g. lLehnert & HeckmanlfT996h . 


One simple analytic way of investigating if pressure is in¬ 
deed the driver of the star-formation intensity is by relating the 
star-formation intensity to gas and total mass surface densities 
through a generalized Schmidt law, as SspR^ecs^ig^s^jQ^tai’ where 
Sgas is the gas mass surface density an d Sfntai-£pas-H£*, where 
S* is the stellar mas s surface density (iDopita & Rvdej [19941 : 
ISilk & Normanll^09h . and ecs is an efficiency factor. Tfie units 
of ecs are those of the gravitational constant, G, divided by a 
velocity (pc“ Mq yr“'). It is not clear if ecs is constant as a 
function of redshift or galaxy mass (see lDonita & Rvd^l 19941) . 
For now, we will assume it to be constant, and argue this case 
later in § 12.2.41 

The pressure in the ISM can be related to gravity or turbu¬ 
lence through Pgas=PgasO'^as=fG^gas5itotai, where Pgas and Pgas 
are the gas pressure and density, respectively. G is the gravita¬ 
tional constant, and cTgas is the velocity dispersion of the turbu¬ 
lent gas. 

Combining these implies that Ssfr “c Pgas(^gas/Stotai)*^^- By 
doing this we are simply emphasizing the role played by inter¬ 
stellar pressure in regulating the star formation in galaxies. If 
supernovae are driving the turbulence in the ISM, then star for¬ 
mation would be self-regulating in such a scheme. This formu¬ 
lation includes hydrostatic as well as turbulent pressure driven 
by star formation. For simplicity, we adopt a simple relation for 
the hydrostatic pressure and not the more general relation which 
takes into acc ount the possibili t y of d ifferent dispersions in the 
gas and stars (lElmegreenlll989lll993l) . We will discuss the im¬ 
pact of this choice at the end of this section (see also § 13.3.21) . 
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Lehnert et al.: Evolution of the specific star formation rate 


Returning to the generalized Schmidt law given above, we 
can estimate er . s usin g the argumentation and results from 
I Silk & NormanI (120091) (their equation 4). Adopting reasonable 
parameters for the fraction of gas in molecular clouds, the cov¬ 
ering fraction of dense gas, the momentum relative to the energy 
of supernovae and the ratio of the I SM pressure to molec ular 
cloud pressures (see Appendix A and ISilk & Normanll^OOl for 
details), and that the gas and stars cover the same extent, we can 
relate the star formation rate and the gas surface density, as 

fl/2 

SFR = 6.5 X lO-'^M* yr-' (1) 


where fg is the molecular gas fraction, SgasAitotai- 
Does this formulation of the SFR agree well with ob¬ 
servations? Unfortunately, many galaxies for which the nec¬ 
essary data are available (such as the Milky Wa y) lie well 
below the upper envelop e of the SFR-M* plane (lElbaz et alJ 
1201 it iLerov et ^ l2008l) . which could bias the resulting gas 
fraction and gas and stellar mass-surface densities necessary 
to explain the relations between sSFR or SFR and M*. At 
Mv,~10^°'^ MfD, th e local relation has an SFR^l.5 Mq yr“' (e.g. 
lElbaz et aDl201 Ih . Average values for the gas fraction and gas 
mass surface densities for statistical samples of nearby late-type 
(i.e. star forming) galaxies are approximately <Xgas>~20 M, 




nc~^ and fp~ 10% (lYoung et ^ 119951: lYoung & KnezekI Il989t 
iBigiel & Blitzll2012l) . These values are consistent with the ob¬ 
served star formation rates giving us some confidence that this 
approach is plausible. 

Only at z<2 do we have both well constrained SER-M* rela¬ 
tionships and a reasonable number of estimates of the molec- 
ular gas content of galaxies throug h CO observations (e.g. 
lElbaz et aP 120071 : iDaddi et"^ 12007 ), estimated at fg~0.2-0.5 
and 100-1000 Mn p c~^ ( Daddi et ^ 20K; Aravena et alJ 

l2010t iDannerbauer et all l2009t Tacconi et al. 20101 2013 1. 
2igas=150 and 330 Mq pc“^, and fg=0.25 and 0.45 at z=l and 2 
respectively, yields relationships that are consistent with the best 
fits to the ridge line in the SFR-M* plane (Fig. [TJ lElbaz et ^ 
l2007l iDaddi et'^l2007l) . Within the context of this model, the 
scatter in the data about the mean relations is due to the varia¬ 
tion in the gas mass surface densities and gas frac tions which is 
consistent with observations (iTacconi et al.l201^ and that there 
is littl e or no mass dependence on the sSFR (see l Abramson et ^ 
12014 . 


2.2. Choices made for this modei 

We made several choices to conduct this analysis which warrant 
further discussion. 



Fig. 1. Star formation rate (SFR, in Mq yr ') as function of to¬ 
tal stellar mass (M*, in Mq) in two galaxy samples. The data 
points are estimates of the star formation rat e and stellar mass 
for samples of galaxi es at z~l (blue cir cles: lElbaz et al.ll200^ 
and z~2 (red circles; IDaddi et'n]l2007l) . The green and purple 
solid lines indicate the best fits to the data sets at z~l and z~2 
from the original papers. The two red lines indicate our simple 
star formation model with the best scaling parameters adopted 
(see text for details). 


galaxies can lead to a star formation rate formula that depends 
on both gas and stellar mass surface densities, such as the gener¬ 
alized Schmidt law of the form, Esfr tx ,, with m+n^2, 

found by iDopita & Rvderl (11994 (see also lShie^ayj20nF 
While formally, based on theoretical arguments. lDopita & Rvderl 
(11994 favored n=l/3 and m=5/3, as they pointed out, changing 
an assumption in their analysis would push n to 1/2 and likely 
decrease m. Indeed, within the context of our analysis, as long 
as n+m=2, the impact of the precise choice of m and n only has 
an impact on the dependence of the SFR on the gas fraction in 
the form of the function. Therefore, for the pu rpose of this dis¬ 
cussio n, it is sufficient to say that the analysis of iDopita & RvdeJ 
(11994 is consistent with our assumption of n=l/2,m=3/2, and 
that changing the exponents (as long as m-i-n=2) will make little 
difference overall. 


2.2.1. Exponents in the generalized Schmidt law, m-i-n=2 

The first is our choice of the specific exponents and their sum in 
the generalized Schmidt law. A law of this form can be justified 
either from theoretical or observational arguments. 

Theoretically, a generalized Schmidt law can be justified 
through a cloud-cloud collision model in a turbulent ISM where 
the collision rate is determined by the stellar energy injection 
rate into the ISM, and where the clouds are confined by th e 
ambient ISM (e.g. ISilk & Norm^l2009l : llnoue & Fukuill2()13h . 
Turbulence may be driven by t he energy injection from young 
stars at high SF intensities (e.g. lAgertz et al.l 20091) . 

Observationally, interpreting the relationship between stellar 
mass surface density and star formation intensity in local disk 


2.2.2. Exponents in the generalized Schmidt law, m-i-n<2 

While some studies have shown that t he slope of the rid ge line 
in the SFR-M* plane is about one (e.g.|SahnLetalJ[2Q12 ), othe r 
studies s uggest it is less than uni ty (e.g. Rodighiero et al l201(]l) . 
Recently. I Abramson et al.l (12014 have suggested that slopes less 
than one for the local ridge line may be due to the contribution 
from the bulge. If we relax the requirement that m-Hn=2, which 
we ad opted because of theoretical arguments (Silk^Norm^ 
2009) and its consist ency with observations (iDopita & Rvdei 
1994 ; IShi et al.l 1201 ll) . then we can accommodate slopes less 
than unity for the SFR-M* relation (and negative slopes for the 
sSFR-M* relation). 
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Lehnert et al.: Evolution of the specific star formation rate 


Suppose we consider a generalized Schmidt law of the form, 
SsFR ^gas^tomi require that the total star formation rate 
should be proportional to the gas mass surface density, for 
consistency with the pressure arguments we made in § 12.11 

ffl.3 

Reformulating this leads to SFR oc M*® Sgas- Generalized 

Schmidt laws can be constructed which can accommodate dif¬ 
ferent slopes. However, a full discussion of this point and its 
theoretical justification is beyond the scope of the current paper. 


2.2.3. Equal velocity dispersions of gas and stars 


Another choice we have made in this model is that the velocity 
dispersion of gas and stars are roughly equal in the equation of 
hydrostatic pressure. 

Fr om fitting the hyd rostatic pressure in a self-gravitating 
plane, lElmegreenI (Il993h suggested the more appropriate re¬ 
lation is, Pgas^fGSgasCEgas + (cTgas/o-starsjSstars)- For high red- 
shift galaxies, there are few robust estimates of the stellar ve¬ 
locity dispersion, but various estimates suggest that their gas 
and stars have comparable velocity dispersions. Certainly, the 
velocity dispersions of both the warm ionized gas and per¬ 
haps the_^tolecid^_g^ are high at z~l-3 (~30-200 km 


e.g. iLehnert et alJ l2()09t Law et alJ 200^ iLehnert et all 1201 3l 
ISwinbank et alJl201 iblTacconi et all2013h . 

In local late-type spiral star forming galaxies, a significant 
fraction of the gas mass may reside in the molecular phase, in 
which typically cTgas is a few to 10 km s ', while for the neutral 
Hydrogen, H i, it is somew hat higher and may be driven by the 
intens ity of star formation (iTamburro et alj|2009t IWilson et alJ 
1201 ih . The bulk of the ste llar mass has an even higher disper - 
sion, ~20-100kms“' (e.g. lBottemalll99^lNeistein et al.lll999h . 
Although for local disk galaxies, the (Tgas/cTstars ratio is rela¬ 
tively small, it is al so likely that stellar disks are heated du ring 
their evolution (e.g. iQu et al.| |20Tll: |Masset & Taggeijl 1997b and 
that at an early evolutio nary phase their stellar velocity disper- 
i were much higher JBovv et alJ2012t Havwood et al.l2013t 


iBird et ^l2013t [Brook et al.ll2012’lLehnert et al.ll2014ir 


We can make a rough estimate of the stellar velocity dis¬ 
persions in distant galaxy disks are about 90 km s ', through 
the relation, H= cP'lin G 2itotai), where H is the disk height, 
cr is the velocity dispersion and Etotai is the disk mass sur- 
face density. To make this esti mate, we adopted Hz.^ 2 =l kpc 
(lElmegreen & ElmegreenI l2006h and - 350 Mn 


2C 


( Tacconi et al.ll2010tlEorster Schreiber et ajjuOl lUMosleh et al] 

l2012h . To check for consistent and comparison, for the Milky 
way, we adopt cr.fars mw = 25 km s“' for the young t hin disk stars 
(e.g. Bond et al.ll^lU) . Etotai,MW= 70 Mq pc“^ (e.g. lZhang et al 


2008). 


2013), and a thin disk height, Hmw= 350 pc (e.g. Lluric et al 


This value of the veloci ty dispersion is close to those inferred 
for the gas in z~2 gala xies (Lehner^t al j2009HLaw et al.ll2009t 
ISwinbank et al.l 1201 ll : ILehnert et al.l 2013h . Without stronger 
constraints, it seems reasonable to assume that crgas/crstars~l in 
high redshift galaxies. However, if the gas out of which stars are 
forming were to have a dispersion smaller than that of the pre¬ 
vious generations of stars, like in local galaxies, this would only 
make a relatively minor difference within the context of our sce¬ 
nario - in the sense that this would require somewhat higher gas 
surface densities to explain the location of the SER-M* ridge 
line. 


2.2.4. A constant efficiency factor in the generalized Schmidt 
law 

Einally, and perhaps most importantly, we assumed that the effi¬ 
ciency factor of the generalized Schmidt law, which is not unit¬ 
ies s^Js_constant;_^ 

iDonita & Rvdeil (1 19941) derived a Schmidt law with n= 1/3 
and m=5/3, adopting a star formation self-regulation model 
where the efficiency factor depends on the inverse of escape ve¬ 
locity (rotation speed), weakly on the sum of the gas and stellar 
disk heights, and on a constant roughly proportional to the star 
formation efficiency. Their analysis implies that the efficiency 
factor is not constant as we assumed. 

Taking a somew hat different approach than that of 
iDonita & Rvdetl (Il994t) . we can derive a Schmidt law with n= 1/2 
and m=3/2, for which we will argue that a constant efficiency 
factor is a reasonable ass umption. Adopting a f ormalism of 
iDorrita & Rvd"^ (11994 and lSilk & Normanl (l2n09l) . we start by 
assuming that the star formation intensity is proportional to the 
gas mass surface density and the inverse cloud-cloud collision 
timescale, EsFR=i6Egas/tr-rr, where E-rr is t h e clou d-cloud col¬ 
lision timescale, for which ISilk & Normanl (l2009l) derived the 
relation, tc-cc=fei'(Pci/Pgas)'^^(2tot/2igas)'^^(Ftgas/o'gas), where fd 
is the mass fraction of gas in clouds, Pd is the pressure in the 
clouds, Pgas is the ambient average gas pressure, and Hgas is the 
gas disk height. Substituting this into the equation for Esfr and 
using the relation between Etot and cTgas, as well as the gas pres¬ 
sure due to turbulent motions (as discussed at the beginning of 
this section), yields, Ssfr= J fd (pgas/Pci)'^^Sg(sEP^j, where y is 
a constant of propor tionality which can be interpreted as a star- 
formation efficiency. ISilk & Normanl (l2009l) make a very similar 
derivation, also leading to a Schmidt law with exponents n= 1/2 
and m=3/2. 

This relation is consistent with the global “Schmidt- 
Kennicutt” relation, EsFR^Cs-K^igasj where Cs-k is a constant 
of proportionality and has been subsumed into Cs k- At 
z<l, the stellar mass surface de nsities of disk gala xies are 
roughly constant (Ereeman’s law; iBarden et al.ll2005h and the 
tota l mass surface densities are dominated by the stars, not the 
gas (lYoung et al.ll995l:lYoung & Knezekll984 . In principle, the 
Schmidt-Kennicutt relation could be made to evolve due to in¬ 
creasing gas fraction, increasing star formation rates as a func¬ 
tion of mass and increasing star formation efficiency with in¬ 
creasing redshift. However, no significant evolution is seen in 
the relation out to z^2 despite the changes in the ensemble of 
the population of st ar forming galaxies over this cosmic epoch 
(iBouche et al.ll20d^ . This, together with the approximate con¬ 
stancy of the stellar mass surface density, suggests empirically 
that the scaling of the Schmidt law is approximately constant 
as a function of redshift, or at most changes within the intrinsic 
scatter of the relation. This argues that the scaling relation in our 
generalized Schmidt law likewise does not evolve strongly with 
redshift (at leas t out to z= a 2). 

In addition, IShi et al.l (1201 ll) performed a similar analysis to 
the one presented here for an extended Schmidt law with differ¬ 
ent exponents, which also emphasizes the impor¬ 

tant role played by stellar mass surface density in regulating the 
SLR. To determine the exponents of the law, they fit the data for 
a small sample of local and distant {z^2) galaxies. Eitting their 
data set with our generalized Schmidt law, we find that the fit is 
significant and has a scatter comparable to their best fits of the 
extended Schmidt law or a Schmidt-Kennicutt relation. Since, in 
this analysis, we are fitting galaxies over a wide range of star for¬ 
mation intensities and redshifts, this suggests that the scaling of 
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Lehnert et al.: Evolution of the specific star formation rate 


the generalized Schmidt law does not evolve strongly with red- 
shift and that there is a roughly constant proportionality to the 
star formation intensity and 

3. Cosmic evolution of the sSFR 

The zero-point of the sSFR-M* relation at z<2 is observed to 
evolve as sSFR=26r^ ^oc(l-Hz)^ (lElbaz et al.ll201 ll : lOliver et ^ 
1201011 . At z>2, the sSFR-M* relation perhaps reaches a plateau ^ 
or increases only slowly with redshift (Fig. [2]). Although the scat- ^ 

ter in the sSFR evolution plot is large, especially at the highest S 
redshifts, the slowing of its increase beyond redshifts of about 2 CC 
appears to be robust. c/5 

The evolution of the sSFR through cosmic time does not ap¬ 
pear to track the ex pected accretion rate of matter into the ha¬ 
los of galaxies (e.g. IWeinmann et al.ll201 ill . Models where the 
gas supply directly drives the growth of the stellar and gaseous 
masses of galaxies have a number of difficulties compared to 
the results from observations. For example if the gas supply 
and galaxy growth rate occurred in lock step, the mass depen¬ 
dence of the sSFR would have a positive slo pe, whereas ob¬ 
serva tions show no or a slightly negative slope (lAbramson et alJ 
l2014ll . and the sSFR would be much higher than is observed in 
the early universe and lower than observed in the local universe 
(ISilk & Mamonll2012h . 

These contradictions suggest that there are regulatory pro¬ 
cesses that control the baryon content and its distribution as gas 
is accreted onto a galaxy, that star formation must be kept rela¬ 
tively inefficient, that much of the accreted gas must ultimately 
be ejected and/or accreted into the halo with long cooling times, 
and in the local universe, that a sufficient gas supply must be 
maintained in galaxies to support the average sSFR, which is 
above the specific mass accretion rates estimated from the cos¬ 
mic web. 

A regulatory process (or processes) which limits the ultimate 
sSFR a galaxy can reach would also naturally explain the high 
star formation intensities that galaxies can support with increas¬ 
ing redshift and the fact that the most intensely star forming 
galaxies appear to lie above the ridge line of the main sequence 
ifWuvts et al.ll201lh . 

We will now explore several processes which might limit or 
regulate the star formation intensities of galaxies and hence con¬ 
trol the evolution of the sSFR of the ensemble of galaxies with 
epoch - i.e., the angular mom entum content of the gas as it is ac¬ 
creted (iDanovich et al.ll2014ll . and feedback and self-regulation 
by intense star formation. 

3.1. The evolution of angular momentum 

To explain the evolution of the sSFR with redshift, we suggest 
that a crucial role is played by the relative amount of angular 
momentum that the gas acquires and is able to maintain dur¬ 
ing its accretion onto a galaxy. The specific accretion rate, i.e., 
the accretion rate per unit stellar mass, is generally higher than 
the s pecific star formation rate of galaxies at high redshift, z> 2 

(e.g. lDekel et al.ll2009l : IWeinmann et al.l201 llilDave et^l201~lll . 

Galaxies at z>2 show significant evolution in their half-light 
radii, which decreases as (l+z}_2ff° ’ in the stellar mas s rang e 
9 < log M* (Mq) <10.5 (lOesch et alJl20HlMosleh etaPIMf) . 
which means that galaxies at higher redshifts have higher stellar 
mass surface densities and, by cor ollary, higher gas mass surface 
densities (e.g. lTacconi et al.ll2013l) . This increase in surface den¬ 
sity with redshift implies that as the gas accretion rate increases 



0 1 2 3 4 5 6 7 

redshift 


Fig. 2. The specific star formation rate (sSFR, in Gyr ') as a 
function of redshift. The various points represent measurements 
from the literature at M*~10'° Mq; see the references in the 
legend at the bottom right. We note that we ha ve specifically 
shown the determinations from (IStark et al.ll2013h with their un¬ 
certainties (red squares) because there is some controversy as to 
whether or not there is any evolution in the sSFR with increasing 
redshift beyond z=2. Since the slope of the sSFR-M* relation is 
approximately zero, the rate at which the sSFR evolves is largely 
independent of M*, except at t he highest masses. The lines rep¬ 
resent the best-fit relation from lElbaz et al.l (1201 ll) over the red¬ 
shift range 0 to 2 (blue line) and a simple scenario, sSER (z) = 
(l-i-z)^/tHo (where tno is the Hubble time at z=0, red line), and 
the blue squares are the estimates for our hypothesis relating the 
turbulence to the star formation intensity (see text for details). 
The blue shaded region represents the scatter in the observed 
sSER values (+0.3 dex). This rendi tion of the evolu t ion of the 
sSER is inspired by a similar plot in IWeinmann et all (1201 ll) . 


with redshift (iDekel et al.ll2009l) . the angular momentum of ac¬ 
creted gas is overall lower, allowing it to collapse to higher mass 
surface densities. 

Whatever the exact cause of the relatively low angular mo¬ 
mentum of the accreting gas in high reds hift galaxies, which al - 
lows them to reach high surface densities (IDanovich et al.l2014l) . 
the high gas surface densities enables high star formation inten¬ 
sities through the relationship between star formation intensity 
and gas surface density, which has an e xponent of approxi mately 
unity (the Schmidt-Kennicutt relation; iLerov et^l2013h . High 
intensity star formation is precisely the regime where the effects 
of stellar feedback are likely to play an important role in prevent¬ 
ing stars from forming efficiently and to limit the final baryon 
mass fraction of galaxies and thus to inhibit galaxies from grow¬ 
ing in lock step with the gas supply, as observed. To keep the 
total baryon fractions low, these feedback effects must also in¬ 
clude efficient outflows. 

At lower redshifts (z<2), the gas is likely accreted onto the 
galaxy proper with higher total and specific angular momentum 
than at higher redshifts, which may be due to the formation of 
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Fig. 3. The star formation intensity (Ssfr, in Mq yr“' kpc“^) as 
a function of redshift. The evolution of the generalized Schmidt 
law (black line) compared to the evolution of abudance-matched 
star-forming galaxies (i.e., galaxies with co-moving number 
densities like that of MW mass galaxies in the local Universe) 
for several types of size evolution (re=3.6(M*/5.0xl0'°)°-^^ - 
solid red line; re=3.6(l.-i-z) - upper red dashed line; rff -3.6 

kpc - lower dashed red line; see Ivan Dokkum et al.ll2013l for 
details). We also show the evolution of the star formation inten¬ 
sity for high redshift galaxies with an sSFR = 2 Gyr a stel¬ 
lar mass of 5x10^ Mq, and a size evolution, re=2.5((l-i-z)/3)“''^ 
kpc (blu e line and shaded region representing a scatter of +0.3 
dex; see lOesch et alJiToiOl: iMosleh et al.ll2012h . The evolution 
of the stellar mass surface density, Z* (Mq kpc““; right hand 
ordinate) of MW-like galaxies (black dashed line) is a factor of 
about 3 but includes the g rowth of the bulge as well as the disk 
(Ivan Dokkum et all2013l) We also indicate (dotted line) the star 
formation intensity threshold for local starburst galaxies to drive 
winds and indicated the possible range of thresholds from local 
and distant galaxies (iLehn ert & Heckmanll 996l:lHeckmanl2003t 

iLe Tiran et alJl20lTa Newman et alJl2012ah 


gas streams between asy mmetric voids, the larger virial radii of 
halos at lower redshifts (iPichon et alJ 1201 lb ICodis et ^ 1201 2l) 
and the central mass surface density of late-t ype galaxies at z<l 
apparently already haying been mis en place (IBarden et al.l200-'^ 
so much of the gas is accreted onto the outskirts of the disk. 

The difference in the sSFR eyolution below and aboye z~2 
suggests that at redshifts aboye ~2, the obseryed increasing stel¬ 
lar mass surface densities would necessitate a different regula¬ 
tory mechanism due to changes in the angular momentum of the 
gas as it is accreted into the halo. How much angular momentum 
the gas has and/or retains or gains as it falls into the halo and 
accre t es onto the galaxy as a function of redsh ift (iPichon et alJ 
1201 It ICeyerino et al.ll201^ iDubois et alJl2013T) is therefore per¬ 
haps the most important factor in determining what processes 
may affect the eyolution of the sSFR in relation to the specific 
gas accretion rate, as we will now explore. 

3.2. The declining sSFR at z<2 

Why does the sSFR decline with decreasing redshift below z=s2? 
The gas supply from cosmological gas accre tion appears to in- 
crease with redshift as Macc/Moc(l+z)^-^^“^-^ (iDekelet al.ll2(M 
1201 3l) and at z<2 it is predicted to be below the leyel neces¬ 


sary to_su££ortthesSFR_obseryed_jritheensemble_of sall¬ 

ies (iDekel et al.ll2009l: I Weinmann et al.ir201 lUPaye et al.ll2^01 ill . 
Perhaps the decline is regulated by the angular momentum of 
the accreted gas and that returned by the stellar population as it 
ages. 

The radius of galaxies supported by their own centrifugal 
force (angular momen tum) is expected to eyolye as si(l+z)“' ^ 
(e.g. iMo et al.l Il998l noting that at low redshifts, below 
about z=s0.3-0.5, the slope as a function of redshift is shal¬ 
lower). For galaxies of the sa me total mass oyer all epochs 
(Fig. |2j IWeinmann et al.l 1201 ll) . simple geometric scaling im¬ 
plies, Ztotai=Mtotai/27!Tg, and if gas in the galaxies is centrifugally 
supported then Ztotai eyolyes as a!(l+z)^. Obseryations show that 
the stellar radius of galaxies eyol yes somewhat more s l owly than 
this at z >l-2 ((l+z)~' - ^^*^ *, e.g. iMosleh et al.l 120111 l2012l) . In 


contrast, IBarden et al.l (l2005l) find little eyidence for a signifi¬ 
cant (>30%) increase in the sizes and stellar mass surface den¬ 
sities of spiral galaxies from z=l to 0. The declining gas mass 
surface densities obseryed from z=2 to z=0 are consistent with 
eyolying to a rate proportional to (1+z)^ (§|2and Fig.[TJ. 

The gas supply from accretion is declining and being incor¬ 
porated into the galaxy with high angular moment um, implying 
it like ly ends up mostly in the outer disk regions (IStewart et al.l 
1201 ll) . This is consistent with the obseryation that the Hi mass 
surface densi ty does not depend strongly on radius in indiyid- 


_ ^pe _ 

ual galaxies (iBigiel & Blitzll2012h . Thus increasing the angular 
momentum of the gas as the redshift decreases is a robust way 
of growing galaxies in a “cent rifugally support ed” way as sug¬ 
gested in the models of, e.g., iMo et al.l (Il998l) . We note how- 
eyer that the relation which best matches the eyolution of the 
sSFR out to ~2 is neither arbitrary nor actually a fit to the data. 
We would expect the stellar mass sur face densities to scale as 
the Hubble time, tno (iMo et al.lll998h and in fact, that is what 
sets the zero point for the relation shown in Fig. namely, 
sSFR(z)-( 1 +z)^/tH n, a relation indistinguishable from that of 
lElbaz et ^ (1201 ll) . This scaling comes from cosmological con¬ 
siderations, namely, the change of the structure of dark matter 
halos (increasing yirial radii, masses, etc.) and the oyerall growth 
of galaxies. Thus to explain the obseryed relation requires no 
free parameters. Moreoyer, within the context of gas accretion 
and mass return, one could argue that the scaling we adopted for 
the generalized Schmidt law analysis is also constrained within 
the context of our simple hypothesis, although based on param¬ 
eters estimated for the ISM of galaxies and through comparison 
with measurements of the sSFR, gas mass surface densities and 
gas fractions. 

We can extend this analysis further. Equation[T]is also a sim¬ 
ple relation between the star formation intensity and the stellar 
and gas mass surface densities, which was obtained by multiply¬ 
ing both sides of the equation by the disk surface area to yield 
a relation between the SER and M*; see Appendix A). Since 
sSER(z) eyolyes as (1+z)^, this implies that Zsfr would also 
eyolye as (1+z)^ in the context of our model. An eyolution of 
the star formation intensity as (1+z)^ is shown in Eig.[2 whose 
zero-point was chosen based on the relation betw een the disk 
scale length of local disk galaxies (lEathi et al.l201(]l) and star for- 
mation rates of galaxies with stellar masse s similar to the MW 
(lElbaz et al.ll20()^ iLara-Lonez et al.ll2013l) . We compare this to 
the eyolution a function of redshift of the star formation inten¬ 
sity ofMWHike_galmes_^elected through abundance matching 
by (lyan Dokkum et aHl2013l) . who characterized the size eyo¬ 
lution of these MW-like galaxies as a function of redshift and 
of stellar mass, as shown in Eig. [3] together with, for complete¬ 
ness, a constant size eyolution with re=3.6 kpc (the final ayerage 
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size of their sample). The results of our model are in approxi¬ 
mate agreement with these observations. Also in Fig. Owe show 
the stellar mass surface d ensity evolution of MW-like galaxies 
dvan Dokkum et al1l2013h . It only evolves by about a factor of 3 
but includes the growth of the bulge so the evolution in the effec¬ 
tive mass surface density of the disk would be lower. A small in¬ 
crease in the total stellar mass surface density is important within 
the context of our model because there is also a dependence on 
S* and finding little or no evolution in the stellar mass surface 
density (iBarden et alJl200-^ suggests that the evolution in Ssfr, 
and hence the sSFR, is mostly due to the changing gas surface 
densities and gas fractions. 

To begin to understand why there is a change in the evolu¬ 
tion of the sSFR above and below z~2, we show the evolution 
of the star formation intensity for galaxies above z~2 assuming 
the size evolution for a galaxy with M*~5xl0® Mq and sSFR=2 
Gyr ' (approximately the mean sSFR of z>2 galaxies). The gen¬ 
eralized Schmidt law appears to over predict the star formation 
intensities, suggesting some other regulatory mechanism comes 
into play. Moreover, the star formation intensities are above the 
threshold deter mined for starburst galaxies in the local univ erse 
to drive winds (iLehnert & FteckrnMll996t lHeckmar3l2003h but 
this threshold may be so mewhat higher for high redshift galax¬ 
ies (1 Mq yr * kpc“^; iLe Tiran et al.l 1201 Ibl : iNewman et alJ 
l2012ah . This suggests that the regulatory mechanism is related 
to the intensity of star formation (we discuss this subsequently 
in Sec. 13.3b . 


We note that such an hypothesis does not preclude observing 
strong outflows from galaxies at z< 1-2 (as they are observed, e.g . 


Lehnert & HeckmanI 

19961: iRubin et a 

J 20101: ICoil et all 120 111 

Martin et alJl2012l;lBouche et alJl2012l; 

Rubin et al.ll2013b. Quite 


the contrary. It just implies that the regions of high star forma¬ 
tion intensity are compact and occur only in the circum-nuclear 
regions and that most galaxies do not d rive winds or do so only 
briefly (e.g. ILehnert & Heckmanl[T996h . 


3.2.1. The importance of mass return 

We should be cognizant that even though the gas supply from 
accretion is likely declining, the mass return from the stel¬ 
lar populations within galaxies can be significant and will be 
especially important for (rotationally supported) galaxies with 
older stellar populations (~20% or more of their t otal stellar 
mass, iLeitner & Kravtso'^ 1201 It ISnaith et~an l2014l) . This gas 
will have an angular momentum content similar to the pre¬ 
existing disk, help to maintain the high an gular momentum of 
the ac creted gas and aid in growing the disk ( Martig & BournaudI 
l2010h . Of course, objections are often raised about the rel¬ 
ative contribution of mass return compared to gas accretion, 
for example, the G-dwarf problem and the abundance of deu¬ 
terium in the local ISM. However, these problems may not re¬ 


quire gas accretion or at least not at significant rates (see e.g. 

HaywoodI 20011: Prodanoyic et al. 2010t IChiannini et al. 20021 

Romar 

o et al.l 20061: Lagardeetal. 20121: ILeitner & Kray tsoyl 

2onr 

Snaith et al.l 

2014 for a detailed discussion of these 


points). 


At z-0, the specific cosmological gas accretion rate is likely 
sign ificantly below the sSFR for actively star forming galaxies 
(e.g. lWeinmann et'^l201 lULeitnerl2012h . If such galaxies were 
forming stars at an approximately constant rate, as observed for 
the Milky Way over th e last 3 Gyrs and p erhaps much longer 
(iHernandez et al.ir200Ct ISnaith etaH 120141) and as perhaps im¬ 
plied by the constant gas deplet ion timescale for local star form¬ 
ing galaxies (iLerov et al.ll2013h . then the fraction of gas that has 


been returned is about 20-40% depending on the initial mass 
funct ion of the age weighted stellar masses (ILeitner & Kravtso^ 
1201 ll) . The fraction of the returned gas that is in the molecular 
phase is likely less than 50% and the distribution of the gas is re¬ 
lated to the extent of the stellar disk (iBigiel & Blitzll2012l) . This 
emphasizes both the importance of the angular momentum and 
mass return from the stellar population in determining the gas 
mass surface densities, which in turn, from our analysis of the 
generalized Schmidt law, controls the evolution of the specific 
star formation rate. 

3.2.2. Why the break in the sSFR evolution at z~2? 

While overall it is likely that the decreasing gas supply plays 
a fundamental role in determining the z~2 transition redshift, 
since this redshift, above which the growth of the ensemble of 
galaxies appears to be self-regulated, and below which angular 
momentum begins to dictate the decline in the specific stellar 
mass growth rate with redshift, occurs at approximately the same 
moment as when the cosmological specific gas accretion rate 
becomes less than the average sSFR. 

However, this is not to imply that gas accretion is neces¬ 
sarily the main driver of the evolution of the sSFR at z<2 but 
only determines approximately when the transition occurs. In 
such a picture, galaxies at z<2 are living off of their gas-rich 
earlier phases of evolution (and significant mass return) where 
star formation is kept inefficient through strong feedback from 
intense star formation. The high angular momentum of the gas 
that is being subsequently acc reted allows galaxie s to prefer¬ 
entially grow their outer disks (IStewart et al.ll201 ih . but this is 
likely moderated by the low stellar mass surface densities of 
outer disks because as argued through the generalized Schmidt 
law, their star formation s hould be kept relatively inefficient 
(iBlitz & Rosolows^l2006h . Such a picture naturally explains 
the lack of a significant increase in the central surface den¬ 
sities of star forining g alaxies from z~l (iBarden et al.l 1200^ 
Ivan Dokkum et al.ll2013h . 

It is not clear if the scenario we are advocating is consistent 
with “inside-out” evolution and the observation that the H i mass 
surface dens ity does not depend strongly on radius in individ¬ 
ual galaxies (iBigiel & Blitzll20T^ . However, we may not expect 
the outer disk to grow more rapidly than the inner disk even if 
the gas dominates th e mass surface density (IBigiel et al.ll20K)l : 
IBigiel & Blitzll20T^ since interstellar pressure plays a signifi¬ 
cant role in converting gas from the warm neutral phase to the 
cold molecular phase dWolfire et alJll995h and this conversion 
is related to the stellar m ass density (e.g. iBlitz & Rosolows^ 
120061 : l^hruba et al.l201 ih and of course consistent with the gen¬ 
eralized Schmidt law where the stellar mass surface densities 
play an important ro le in regulating star formation (Sect. |2 and 
also, IShi et alJl201 Ih . 

The importance of this transition redshift and angular mo¬ 
mentum is emphasized by a number of observations of the 
stellar populations of both the Milky Way and other nearby 
galaxies. Before the z~2 transition, the Milky Way, formed its 
thick disk, had high star formation intensities and high stel¬ 
lar v elocity dispersions, an d its disk had a short scale length 
(e.g. iHaywood etaH 120131 and references therein). The low 
scatter in [a/Fe] as a function of age and the rapid decrease 
in [a/Fe] with time of the thick disk suggests that the mix¬ 
ing of metals was yery efficient and the increase in metallic- 
ity was dominated by core collapse supernoyae. In addition, as 
the thick disk eyolyed , its stellar yelocity dispersion decreased 
(iHaywood et al.ll2013l) . The young Mill^ Way formed during 
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an intense burst of star formation with increasing angular mo¬ 
mentum which gradually died down over about 4 Gyrs and 
undoubtedly experien c e strong feedback and high turbulenc e 
dHavwood et alJl2013t ISnaith et'^l2014t iLehnert et al.ll2014l) . 
At around the transition redshift, *10 Gyr ago, the abundance 
ratios and ages of stars suggest that the MW starts to form 
stars in an outer thin disk while the inner disk was still thick 
and as did perhaps the outer di s ks of other nearby spiral galax¬ 
ies (Ferguson & JohnsonI 20^ IVlaiic et alJl200^ iBarker et’aD 
1201 it iHavwood et alJl2013ll . Overall, the results on the Milky 
Way suggest an early phase of low angular momentum gas ac¬ 
cretion which fueled intense star formation with a short scale 
length but large scale height followed by a phase of quiescent 
growth with a longer scale length and a small scale height. These 
are core arguments in our scenario and appear to be mimicked 
in the star formation history of the MW and other nearby galax¬ 
ies. Such a picture is in agreement with our analysis shown in 
Fig.a At z>2, the star formation intensity of galaxies is suffi¬ 
ciently high to dr ive strong winds and create a highly turbu lent 
ISM as observed (iNewman et al.ll^l2al : ILehnert et al.ll2013h . 

Care must be taken in arguing for a continuous scenario of 
galaxy evolution over the last ~13 Gyrs. It is extremely likely 
that the evolution of the sSFR of the ensemble of galaxies is 
driven by changing populations at different redshifts. While the 
Milky Way sho ws evidence for continued growth over the ag e 
of the universe (IHavwood et al.ll^l3Hvan Dokkum et al.ll201^ . 
massive galaxies, in particular, have stellar age distributions 
dom inated by old populatio ns which formed relatively quickly 
(e.g. Llohansson^tj^ 20j_2h and have high stella r surface den¬ 
sities (e.g. IShen et al.ll2003t iBernardi et al.ll2()T(it ICarollo et alJ 
1201 3ll consistent with them growing primarily through high in¬ 
tensity star formation with strong feedback. 

In addition, using the evolution of the sSFR itself to constrain 
the growth of mass in the ensemble of galaxies also suggests 
that there is a possible dichotomy in the growth rates of galax¬ 
ies as a function of mass, in that more massive galaxies grew 
rapidly above z~2 dLeitnej [201211 . The high intensity star for¬ 
mation we observe is consistent with this dichotomy but within 
the context of our strong feedback scenario would also predict 
that the duty cycle of s tar formation is relatively small (~10 - 
20%) at high redshifts (IVerma et al.ll200'^ iDavies et al.ll2012ll . 
Strong feedback limiting the duration of the duty cycle may be 
consistent with a fl at or slowly increasing sSFR with redshift 
(IWvithe et alj|2014ll as are the general arguments we have made 
here. Given that our analysis indicates that feedback processes 
might regulate the SFR in galaxies at high redshift, we now dis¬ 
cuss two possible mechanisms for doing so. 


3.3. Mechanical and radiative self-regulated star formation 

It is possible that star formation is limited by its own mechanical 
and radiative energy output (self-regulation). On global scales, 
there are (at least) two possible mechanisms whereby the energy 
injected by massive stars could limit the sSFR. One balances the 
pressure (thrust) generated by the thermalized hot plasma due 
to the combined action of stellar winds and supernovae plus ra¬ 
diation pressure with the overall galactic mid-plane hydrostatic 
pressure. In the other, the high turbulence in the dense molecu¬ 
lar medium is sustained by a mass and energy exchange within 
the ISM driven by the energy output of the young stars, which 
maintains distant galaxies near or on the line of instability (i.e. 
Toomre Q~l). It is this mass and energy exchange that ulti¬ 
mately regulates the sSFR of distant galaxies. We will discuss 
these two in turn. 


3.3.1. Win(j and radiative thrust balancing hydrostatic 
pressure 


We hypothesize that the mechanical energy from massive stars 
is controlling the overall pressure, and in such a situation, we 
would expect the pressure to increase linearly with the star- 
formation intensity. The ultimate limit in the pressure driven by 
the mass and energy output of massive stars is reached when it 
balances or exceeds the mid-plane pressure - similar to what has 
been hypothesize d to limit the star-formation intensity in nearby 
starburst galaxies (ILehnert & Heckrn^ll996l) . 

The pressure due to the mechanical energy of intense star 
formation is Pfeedbacic“^M*^^EF2 where Pfeedback is the gas 
thermal pressure generated by the effects of massiye stars, M 
is the mass loss, E is the mechanical energy output and R* is 
the radius oyer which the en ergy and mass output occurs (e.g. 
IStrickland & Heckmanll206^ . The constant of proportionality 
depends on the opening angle (or geometry) of the flow, the 
thermalization efficiency of the mechanical energy output, the 
mass entrainment rate in the wind, and how well this energy 
and mass couples to the surrounding ISM. Constraining these 
dependencies is difficult. From obseryations of nearby starburst 
galaxies, the opening angle is app roximately, tt (iHeckman et al.l 
Il990[ ILehnert & Heckmanlll996li . The thermalization efficiency 
is likely to be high, about 0.3-1.0 (IStrickland & Heckmanll2009l) 
and the mass loading (ratio of total outflow mass and total stel¬ 
lar mass ejected thro ugh stellar winds and supernoyae) high as 
well, about 4-20 (e.g.. lMoran et al.ll999HBouche et al.ll2012l) . In 
high redshift galaxies, the mass loading may be higher than gen¬ 
erally obseryed in nearby starbursts o wing to higher gas column 
densities and larger disk thicknesses (iLagos et al.ll2013l) . 

We can estimate the mechanical energy and mass out¬ 
put rate from star formation u sing stellar population synthesis 
models (iLeitherer et al.l [19991) . Adopting an equilibrium mass 
and energy output rate for continuous star formation oyer 10* 
yrs, we estimate pressures of 3.6x10“'° dyne cm“^ for 1 Mq 
yr“* kpc“^. Another estimate can be made from preyious stud¬ 
ies which found that the outflow rate is roughly equal to the 
SFR. This implies a mass loading/entrai nment factor about 
4 or a pressure of 7.2x10“ '° dyne cm“^ (iMoran et al.l 119991: 
IStrickland & Heckmanll20()^ but as noted preyiously, it could 
be higher as it scales with the square root of the mass loading 
factor. 


The hydrostatic pressure depends on the gas and stellar mass 
surface densities (which are related through the gas fraction) and 
adopting the more general relati on, on the ratio of the gas to stel¬ 
lar yelocity dispersions (§ 12.2.31 lElmegreenll993h . We therefore 
need to estimate mass surface densities, gas fractions, star for¬ 
mation rates and galaxy sizes. 


Measurements of stellar mass surface densities in star- 
forming galaxies at z^l-6 estimate ~100-2000 Mfr, pc“^ (e.g. 


Barden et al. 200,^ lYuma et al.l 1201 1[ lEorster Schreiber et al.l 


2CT 


^^^_^jMosldi_et^ 1201 2h and high gas fractions (e.g. 
Tacconi et al.l 1201 3 ). At z~5-7, galaxies are esti mated to haye 
a yery high sSER, sslO Gyr ' (IStark et al.ll2013h . although the 
uncertainties in this yalue are large. The obseryed fiducial stel¬ 
lar mass o f these galaxies is ~1 0° Mq and their half-light radius 
~0.5 kpc dMosleh et al.ll201^ . These are intensely star form¬ 
ing galaxies, with Esfr~6 Mq yr“' kpc“^ and high stellar mass 
surface densities, E*^600 Mq pc“^. The more massiye galax¬ 
ies with the smallest half-light radii at these redshifts can reach 
E*ail 000-2000 Mq p c“^, similar to early type galaxies at mod¬ 
erate to low redshifts (ICarollo et al.ll2013h . 
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At lower redshifts, the average mass surface den¬ 

sity is much lower, thus making it easier in this scenario 
for the mechanical energy to regulate the star formation 
through pressure. In galaxies at z^2-3, £vr^200- 300 Mq pc“^ 
(iForster Schreiber et alj|20l'll : Mosleh_et^ 201^ and their av¬ 
erage SsFR~l Mq yr ' kpc“^ (iLehnert et alj201^ . The gas frac¬ 
tions of galaxies at z~5- 7 are unknown, but at z~2^ they are ob¬ 
served to be L=30-70% (iTacconi et alJl20ini2013 ). As already 
discussed (§|2), we do not know the velocity dispersions of the 
gas relative to the stars and their ratios could easily range from 
0.2 to 1. 

When we simply equate the hydrostatic pressure (§ 12.2.3b 
and the “feedback pressure”, we find reasonable agreement with 
observed stellar mass surface densities and sSFR for galaxies 
at z~2 and z~5-7 (Fig. HI, for a reasonable range of fg and 
c^gas/cTstars, assuming a thermalization efficiency of 0.5, a mass 
loading factor of 10 or an outflow rate of 2-3 times the SFR. 

We emphasize that within the context of this simple cal¬ 
culation, the mass loading factor and thermalization efficiency 
are degenerate and that it is the product of the square root of 
their values that results in the estimate of the mechanical energy. 
Since the half-light radius of galaxies at constant stellar mass 
evolves systematically with redshift, such a model provides a 
reasonable explanation for the sSFR at zss2-7. This simple sce¬ 
nario predicts a strong decline in the sSFR with stellar mass sur¬ 
face density and some of the curves in Fig. |4] for high gas frac¬ 
tions and large ratios of gas to stellar velocity dispersions lie 
above the region occupied by distant galaxies. 

The equivalent of requiring the feedback pressure to bal¬ 
ance or exceed the hydrostatic pressure is to say the gas is 
only marginally bound. Obviously, this is an extreme assump¬ 
tion and unlikely to hold true over the entire ISM simultane¬ 
ously. Therefore, it is perhaps more appropriate to consider this 
as a viable mechanism for limiting the values that the SFR can 
sustain. 

Using the mechanical energy output from young stars to 
limit the sSFR is purely empirical in that it does not make pre¬ 
dictions of the evolution of the sSFR but only provides upper 
limits or ranges for it, which depend on parameters that can 
solely be determined observationally. In some sense, it is similar 
to phenomenological models of galaxy evolution, though with 
significantly less complication, in that it attempts physical de¬ 
scriptions of processes that are otherwise difficult to constrain, 
such as the star formation efficiency or the relati on between star 
formation intensity an d gas surface density (e.g. lBehroozi et aP 
|20 1 3t I^ldmannl20 1 3h . While we have not tried to constrain our 
input parameters by fitting the evolution of the sSFR, and rather 
adopted values consistent with observations, it indicates that this 
type of scenario works reasonably well in describing the evolu¬ 
tion of the sSFR. 

Since the mechanical energy input depends on the mass load¬ 
ing and the thermalization efficiency, it is quite likely that as 
the galaxies grow less compact, the area covered by the in¬ 
tense star formation decreases and the overall pressure of the 
ISM will drop in lock step with declining hydrostatic pressure. 
Flowever, galaxies at z=2-4 exhibit clumpy star formation with 
ample evidence for driving s ignificant outflows (iLe Tiran et alJ 
1201 Ibt iNewman et al.ll^l2alfm and the thermal pressure of the 
warm ionized medium in these clumpy galaxies appears high 
(simi l ar to nearby starburst galaxie s driving winds : lLehnert et ^ 
l2009[ 1201 3l iLe Tiran et al.lf201 lah and perhaps a lso have high 
turbu l ent pressures in the c old molecular medium (IRenaud et al.l 
1201 2t ILehnert et al.l 1201^ . This clumpy structure likely leads 
efficient thermalization and coupling of the mechanical energy 



Fig. 4. The specific star formation rate (sSFR, in Gyr ') as a 
function of the stellar mass surface density (S*, in Mq pc“^) 
as predicted by a simple relation where the hydrostatic pressure 
and the thrust of the mechanical energy generated by intense star 
formation are equal. To span a range of possible sSFR in such 
a scenario, we vary the input values of the gas fraction, fg, or 
the velocity dispersion ratio of the gas and the stars, CTgas/cTstars. 
The red solid lines represent this equality for a range of gas 
fractions, fg=0.3 to 0.7, and for a constant CTgas/cTstars^l, while 
the blue lines represent this equality for a constant gas fraction, 
fg=0.3, and a range of crgas/crstars=0.25-1.25 in steps of 0.25. 
The hatched regions indicate approximately the observed range 
of stellar mass surface densities and sSFR at z~2 (diagonally 
hatched region) and z~5-7 (cross-hatched region; see text for 
details). 


output of young stars to the surrounding ISM, allowing the me¬ 
chanical (and radiative) energy to influence the gravitational col¬ 
lapse of dense gas and therefore the SFR and the sSFR. These 
individual clumps of intense star formation are akin to individ¬ 
ual galaxies at zss6, in the sense that they are similarly compact 
and that the most massiv e o nes can have similar stellar m asses 
(lElmegreen et al. 2009bllS iFdrster Schreiber et al.l 1201 111 and 
sSFR (IGuo et al.l 2012ll. and they show evidence for strong stel - 


lar feedback (e.g. iLe Tiran et all 1201 Ibl: iNewman et al.ll^l2ah . 
These similarities and relationships may allow for similar reg¬ 
ulation of star formation and baryonic growth but less effi¬ 
ciently in the case where the most intense star formation cov¬ 
ers the entire disk, because of the lower covering factor of simi- 
larly intense star formation w i thin the (signific antly larger) disk 
(iForster Schreiber et al.ll201ll iGuo et al'1l2012l) . 

Certainly, with reasonable parameters, finding a decrease of 
about a factor of 3 in the sSFR with stellar mass surface density 
is consistent with the overall trend observed (Fig. H. The nor¬ 
malization appears high compared to the data, but it is important 
to note that our underlying assumption of an almost unbound 
disk is quite extreme. We would expect such a model to explain 
the most intensely star forming galaxies, perhaps not the typical 
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3.3.2. Turbulent pressure and the line of stability (Q~1) 


Galaxies at high redshift, z>l, have broad optical emission lines 
(velocity dispersions ~30-200 km s~*; e.g ., Eginatet^ 20091 


Forster Schreiber et al J 200^ iLaw et aff l2009t lEninat et ^ 


2010t Kassin et al. 2012h which m ay be related to their hig h 


ob served star-formation intensities (iLehnert et alj|200'^ 12013 ). 
In ILehnert et alJ (1201 3h . we proposed that there is a mass and 
energy exchange in the ISM of distant galaxies between the 
warm ionized medium and the cold molecular medium. The 
high pressures observed in the warm ionized medium (and its 
likely similarity with the hot X-ray emitting gas) implies that 
much of the ionized gas will quickly beco me cold neutral gas 
and, if it contains dus t, cold molecular gas (IWolfire et al.lll99^ 
iFeldmann et alJl^l2h . This rapid phase change under high pres¬ 
sures allows the cold molecular gas to “capture” the kinemat¬ 
ics of the warm ionized gas. In such a scenario, the molecu¬ 
lar gas acquires much of the turbulent motions observed in the 
optical emission line gas and since the molecular phase dom¬ 
inates the overall mass surface density, it may have sufficient 
turbulent pressure to approximately balance gravity over large 
scales. This balance then leads to a situation where galaxies are 
driven towards the line of stability for global star formation (i.e., 
a Toomre instability criterion of Q~l). 

In such a picture, if the star formation intensity were to in¬ 
crease, the galaxy would move beyond the line of stability and 
star formation would be suppressed; if the star formation inten¬ 
sity falls, the galaxy would become globally more unstable and 
thereby increase its star formation intensity. This naturally leads 
to the regulation of star formation to a narrow range around the 
line of instability, Q~ 1. 

A sufficiently high gas content is needed to regulate star for¬ 
mation. Star formation, as observed in local galaxies, becomes 
regulated by the local balance of turbulent energy dissipation, 
energy released by gravitational collapse and instability, and en¬ 
ergy injected by the stellar population. Such balance would no 
longer be maintained when the gas content decreases to the point 
when it is either insufficient to fuel the necessary high star for¬ 
mation intensities, when the outflow of gas and energy are signif¬ 
icant enough to make the energy input from massive stars unable 
to sustain high levels of disk turbulence, or when the turbulent 
dissipation timescale becomes long enough such that star for¬ 
mation becomes inefficient (efficient dissipation is necessary to 
sustain intense star formation). The disk would then settle over 
time as the gas mass surface densities decrease ( perhaps as ob¬ 
served, e.g. lEninat et aklUoiOUKassin et alj|2012i) . 

If we assume that galaxies lie near the line of instability and 
that the turbulence in the ISM is driven by intense star formation 
of the form, (where e is the coupling factor between 

the star formation intensity, in units of 1 Mq yr“* kpc“^, and 
cTgas is the velocity dispersion of the gas in km s *) then, ap- 
plying the effective Toomre criterion (Qtotai *=Qstars"* + Qgas 
IWang & Sillj[T9^ . we find. 


CCD /^SFr'\ /^GQtotal\ „ 


+ ^| ( 2 ) 
cr* 


1-L 


where k is the epicyclic frequency (taken to be V2 Q, with Q 
the angular frequency, and assuming a constant circular velocity) 
and fg is the gas fraction. 

The der ivation assumes tha t the total sSFR-SFR/M ^, = 
Esfr/S*. In ILehnert et al.l (l2009h and ILehnert et al.l (l2013l) . we 
estimated that an efficiency factor of 140 km s“' (Mq yr“* 
kpc“^)“*^^ was necessary to explain the relation between the star 


formation intensity a nd the velocity dispersion in galaxies at z=s2 
(ILehnert et al.ll201^ . However, this factor could be 30% lower, 
as we generally did not correct for extinction in the sample, and 
th e star formation intensities could be higher by a factor of about 
2 (ILehnert et al.ll200il20li) . InFig.lH we assumed 120 km s ' 
(Mq yr“' k pc~^)~*^^ to take into account that the efficiency is 
likely lower (ILehnert et al.ll2014ll . 

We note that this analysis is closely related to that given in 
§ |2]based on the generalized Schmidt law, which we used to es¬ 
timate the relationship between the SFR and stellar mass (Fig.[TJ 
since both arguments are ultimately related to the pressure in the 
ISM. 

The resulting relation shows a reasonable agreement with the 
observed values for both sSFR and stellar mass surface density 
of distant galaxies (Fig. |5ll and for the evolution of the sSFR 
with redshift (Fig. El. For the latter, we scaled the sizes of the 
galaxies by (1-i-z)^'-^ for a constant stellar mass of 10^'^ Mq, a 
gas fraction of 0.5, a ratio of gas to stellar velocity dispersion 
of 1 and assumed a const ant epicyclic frequen cy consistent with 
those estimated at zx2-2> (ILehnert et al.ll201^ . as we expect it to 
only vary by a factor of a few with redshift. 

Since we have some freedom of choice in the parameters we 
adopt, the agreement may seem rather fortuitous. On the other 
hand, both models, one in which supernovae and strong stellar 
winds determine the pressure and balances hydrostatic equilib¬ 
rium, and the other, where star formation drives strong turbu¬ 
lence holding galaxies near the line of instability, provide rea¬ 
sonable evolution in the sSFR with stellar mass surface density 
and redshift (although the thrust balancing the hydrostatic pres¬ 
sure is a very extreme assumption). The results of both models 
emphasize the important role that self-regulation of star forma¬ 
tion plays in balancing the relative rate of growth of galaxies 
and the high gas fractions that are necess ary to allow this stell ar 
feedback to couple efficiently to the ISM (ILehnert et al.ll201^ . 

3.3.3. Comparison with other sSFR evolution models 

Although there have been other studies of the possible underly¬ 
ing processes which may dictate the sSFR-M* relation and its 
evolution over cosmic time, there is as yet no consensus on what 
these may be. Only a few studies have suggested that self regula¬ 
tion through interstellar gas pressure is the primary d river of the 
ob served evolut i on (e. g. lBirnboim & Balbergll2013l) . The study 
of iDutton et al.l (1201 Oli finds that the evolution of the sSFR is 
driven by the details of the gas accretion history, and by increas¬ 
ing both the gas surface densities of molecular gas and the rati o 
of the molecular to atomic gas mass (iBlitz & Rosolowskvl2006l) . 
Surprisingly, they do not predict an evolution of the gas fraction, 
except at the highest redshifts. Other models suggest that the 
evolution at z<2^ can be entir ely explained by changes in the 
speci fic gas accretion rate (e.g. iDutton et al.ll201(i iKang et ^ 
l2010li . Interestingly, it is over this redshift range that there is 
almost no evolution in the mean density of halos at constant 
halo mass wi thin 20 kpc radius desp ite the la rge growth in the 
virid radius (IWeinmann et al.ll2013f) . At z>4. iKhochfar & SiI5 
(1201 ih suggest that the sSFR is driven by the star-formation 
efficiency being dependent on the mode of accretion - merg¬ 
ers or cosmological gas accretion. Th eir model predict s a pre - 
ponderance of mergers at high redshift. TWeinmann et al.l (1201 ll) . 
in a comprehensive study, found a number of ways in which 
a plateau, or a slowly rising sSFR at z>2 may be explicable. 
The effects they suggested include a reduced star-formation ef- 
flciency/enhanced feedback, prohibiting the gas from forming 
stars, efficiently ejecting the gas which is subsequently accreted 
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Fig. 5. The specific star formation rate (sSFR, in Gyr *) as a 
function of stellar mass surface density (E*, in Mq pc“^), for 
the hypothesis that the star formation drives galaxies towards the 
line of stability against star formation (Toomre parameter, Q=l) 
as described in the text. The red and blue solid lines represents 
the sSFR where the energy input from massive stars generates 
enough turbulence to drive the global ISM towards Q~l. The 
red solid lines represent where Q~1 for a range of gas fractions 
(fg=0.3 to 0.7) and for a constant CTgas/cTstajs^l, while the blue 
lines represent where Q=1 for a constant gas fraction (fg=0.5) 
and <Tgas/o-stars=F but now for a range of energy input from mas¬ 
sive stars into the turbulence of the ISM, e - 100-160 km s * kpc 
yri/2 Mq where e is the coupling between the star formation 
intensity and the velocity dispersion (iLehnert et al.ll200^l2013h . 
The predicted sSFR values increase with increasing gas fraction 
but decrease with increasing e. The hatched regions are the same 
as in Fig.m 


by more massive halos, or through an enhanced growth rate of 
massive galaxies. 

The advantage of our simple scenario, in comparison, is that 
the gas accretion history has little impact on the evolution of the 
sSFR with cosmic time, only that sufficient gas needs to be ac¬ 
creted at high redshifts to allow the gas content to build up high 
mass surface density galaxies at high redshift, that the angular 
momentum of the accreted gas generally increases with decreas¬ 
ing redshift, and that the rate of gas accretion then declines with 
decreasing redshift. The evolution of the sSFR in our model is 
determined by th e change in the angular momentum conte nt of 
the accreted gas (iDubois et al.ll201^ iDanovich et al.llTOlil) and 
how the gas and stellar mass surface densities are limited by the 
energy and mass output of massive stars. With these two pro¬ 
cesses, the range of gas/stellar mass surface densities observed 
in galaxies as a function of redshift may be explained. The star 
formation intensities are related to the gas mass surface density 
through the well-known simple r elation between th e two with an 
exponent of the order of unity (iLerov et al.ll2013h . Fligher gas 
mass surface densities lead to higher star-formation intensities, 
which in turn lead to higher stellar mass surface densities, both 


of which are limited by feedback from massive stars but whose 
overall evolution is driven by the angular momentum with which 
gas is accreted. This is naturally proportional to both the gas 
fraction, total gas content and total mass of galaxies. It requires 
little further fine tuning in that at high redshift (z>2) the gas sup¬ 
ply is in excess of that needed to support star formation and that 
at low redshift (z<2) centrifugal support is important in limiting 
the ultimate surface density (or volume density) of gas in galax¬ 
ies. Importantly, it is this natural limiting of the surface densities 
through the pressure that gives the SFR-M* relation its slope 
of one - consistent within the uncertainties with studies of the 
SFR-M* relation. 

4. Summary 

We find that the SFR-M* relationship and the evolution of spe¬ 
cific star formation rates with cosmic time are consistent with a 
scenario where the relative growth rates of galaxies are set by the 
interplay of the stellar and gas mass surface densities and by self- 
regulated star formation. The stellar mass surface densities are 
related to the gas mass surface densities through the relationship 
between star-formation intensity and ga s mass surface de nsity, 
whose exponent is approximately unity (iLerov et al.ll2013l) . It is 
the angular momentum of the accreted gas that will help set the 
ultimate limit on the intensity of the star formation by influenc¬ 
ing the surface densities the gas is able to reach. Feedback and 
self-regulation from young stars help keep the star formation in¬ 
efficient. The slope of the SFR-M* relationship, which is a ridge 
line in the SFR-M* plane, can successfully be reproduced in a 
scenario where the global SFR in galaxies is related to the overall 
pres sure in the ISM whic h is itself due to the intense star forma¬ 
tion (iFlopkins et alj|201^ . This also implies that, even when the 
gas supply through cosmic accretion is very large, the sSFR can¬ 
not increase without bound, but only slowly, with limits set by 
feedback from intense star formation within the context of the 
high stellar mass surface densities observed in the early universe 
(z>2-3). 

The decrease in sSFR at z<2 implies that the gas mass sur¬ 
face density and gas supply are reduced below the levels nec¬ 
essary to maintain the high intensity, compact star formation as 
observed. The growth of the ensemble of galaxies is no longer 
self-regulated by star formation. Now, with the gas supply be¬ 
low this threshold, processes internal to the galaxy or the mode 
of accretion become important. In a simple cosmological model, 
the radius of a centrifugally supported gaseous disk is expected 
to evolve as (l-i-z)“*-^ and thus the mass surface density (at con¬ 
stant mass) as (l-i-z)VtHO - simila r to the observed rate of decline 
of the sSFR with redshift at z<2 (lOliver et alJl201ft lElbaz et ^ 
1201 Ih . Thus we hypothesize that what limits the star formation 
efficiency and baryon content of galaxies to the level necessary 
to explain the observed evolution of the sSFR with cosmic time 
is a combination of the gas accretion rate (whether it is generally 
higher or lower than the sSFR which then established the transi¬ 
tion redshift between the two regimes controlling the sSFR), the 
angular momentum of the accreted gas (which then determines 
both how compact the galaxy is at a constant stellar mass and 
the evolution of its gas fraction), and self-regulating star forma¬ 
tion and feedback through regulating the pressure of the ISM. 
Obviously, more work is needed beyond these simple ideas to 
gauge if the scenario we have advocated is consistent with other 
constraints on galaxy evolution (e.g. cosmic star-formation his¬ 
tory, size evolution of galaxies, etc.). 
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Appendix A: On equation [T| 

The derivati on of equation whi ch is central to our analysis, 
is given in (ISiUc & Normann2009h but we will repeat some of 
their arguments here for completeness. The generalized Schmidt 
law of this form can be derived through a cloud-cloud collision 
model where the velocity dispersio n between clouds is dr iven by 
the energy input from supernovae (I Silk & Normanll2009h . Since 
the dispersion in the clouds is a pressure, Pgas=PgasCrgas’ 
equilibrium it can be related to the hydrostatic pressure, Pgas= 
|G£gas2totai- Thus within the context of this model, the star for¬ 
mation intensity is related to the pressure in the ISM. 

The normalization of the generalized Schmidt law (see 
Sect. jnL deserves some brief discussion. As shown in 
I Silk & NormanI (l2009h (their equation 4); 

SSFR = /c/c/G(7rStotal)‘^"^^(—(A.l) 
£sn Pel ® 

where ^ is the ratio of the gas pressure to the internal cloud 
pressure, fc and fd are the cloud filling factor and the fraction 
of the cold neutral and molecular gas in clouds respectively, and 
nisN, Vc and Esn are the mass of stars formed per SNe II (150 
Mq for a Chabrier IMF), the velocity at the onset of strong cool¬ 
ing in the remnant and the kinetic energy of SNe II, respectively. 

To derive equation [T] we multiplied the right hand side of 
equation lA. 1 1 by Stotai/^itotai (=1), and rearranged the terms to 
yield. 


fl/2 

2:sfr = (^'2) 

U ig) 


The total SN energy input into the ISM is 10^' erg, for 
an assumed canonical supernova energy transfer efficiency 
into momentum of th e ISM of 0.01, and Vc - 400 km s“^ 
(ISilk & Normanll200^ . The relevant quantities for the distribu¬ 
tion of the gas, fc and fd, are not well constrained in galaxies, but 
reasonable numbers are fc-Q.2 and /c;=0.1, and these clouds are 
mildly over pressurized relative to the ISM (—is approximately 

Pci 

a few; where we have chosen 2). 

To derive the final version of the relationship (equation [T]), 
we simply multiplied equation IA.2I by the disk area (i.e., 
SFR=27!Tg2sFR and M*=2;7r r^S*). Thus we assumed that the 
area covered by star formation is that of the stellar disk, which of 
course is the fundamental assumption in a generalized Schmidt 
law. 
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